The principal objective of this study is to present and evaluate an advanced dust wet deposition scheme in the Weather and Research Forecasting model coupled with Chemistry (WRF-Chem). As far as the chemistry component is concerned, the Georgia Tech Goddard Global Ozone Chemistry Aerosol Radiation and Transport of the Air Force Weather Agency (GOCART-AFWA) module is applied, as it supports a binary scheme for dust emissions and transport. However, the GOCART-AFWA aerosol module does not incorporate a wet scavenging scheme, nor does it interact with cloud processes. The integration of a dust wet deposition scheme following Seinfeld and Pandis into the WRF-Chem model is assessed through a case study of large-scale Saharan dust transport over the Eastern Mediterranean that is characterized by severe wet deposition over Greece. An acceptable agreement was found between the calculated and measured near surface PM 10 concentrations, as well as when model estimated atmospheric optical depth (AOD) was validated against the AERONET measurements, indicating the validity of our dust wet deposition scheme.
Introduction
Dust particles in the atmosphere are deposited on the Earth's surface via wet (precipitation) or dry deposition (gravitational forcing). Hence, dust wet deposition is one of the most important sink processes of dust aerosol particles. The climatic and meteorological importance of mineral dust particles is significant, as it contributes to the absorption and scattering of solar radiation (shortwave and longwave), both of which modify the albedo of Earth-Atmosphere system [1] . Furthermore, mineral dust contributes to the modification of the optical properties of clouds and ice/snow surfaces [2, 3] , and even alters the water content of the atmospheric column [4] . Marconi et al. [5] identified two main source areas for intense dust episodes influencing the Mediterranean Basin: one in Algeria-Tunisia, and one in Libya. These extreme outbreaks mainly occur in autumn and spring [6] [7] [8] [9] [10] [11] [12] . In order to evaluate the effects of these episodes on global and regional scales, spatial distributions and temporal variations of deposition fluxes must be ascertained [13] . In addition to in-situ measurements, observations using ground-based and space borne lidars provide vertical and spatial distributions of mineral dust particles in the atmosphere [14] [15] [16] [17] [18] . However, data related to temporal variations and spatial distributions of mineral dust flux at the ground are still very limited [19, 20] .
A number of dust modeling studies have been carried out that focus either on dust emissions and advection [3, 21, 22] or dust budget, including dry/wet deposition [23] . The efficiency of the wet deposition depends on many factors, such as particle size distribution [24] , raindrop size distribution [25] , the chemical characteristics of the particles [26] , scavenging efficiencies [27] , and electrical forces [28] . Wet deposition processes are generally represented using a computationally-efficient bulk method with separate treatment of the in cloud (rainout) and below cloud (washout) scavenging [29, 30] .
Below cloud scavenging by precipitation is the process of aerosol removal from the atmosphere between a precipitating cloud base and the ground. The scavenging of dust particles by falling hydrometeors takes place by Brownian and turbulent shear diffusion, inertial impaction, diffiusiophoresis, thermophoresis, and electrical effects [31] . Guelle et al. [32] estimate an aerosol scavenging coefficient based on a parameterization according to the particle diameter [33] which is integrated over the aerosol size distribution [34] . Some corrections are also applied concerning the mean diameters of dust size distributions, thus providing more accurate scavenging efficiencies of the dust particles. Sensitivity tests have shown that during large-scale precipitation events, below cloud scavenging has been found to be negligible for submicronic aerosols, while the results according to observations show an acceptable reproduction of the annual wet deposition fluxes. Former studies reach the same conclusion [35] [36] [37] , which shows that there is a minimum in the collection efficiency of aerosol particles with radii of 0.5 to 1 µm called the "Greenfield Gap" [31] .
As far as the in-cloud scavenging is concerned, the precipitation formation is related to the cloud droplet number concentration and the liquid water content [38] . In a fundamental study, Giorgy and Chameides [39] estimate the in-cloud scavenging coefficient in terms of the local water vapor condensation (and precipitation) rate. Furthermore, Tsyro [40] and Guelle et al. [32] , estimate the in-cloud scavenging as a function of the liquid water content and the particle hygroscopicity. In contrast to below-cloud scavenging, the in-cloud scavenging is important for submicron particles [41] .
The available wet deposition parameterizations used for dust modeling can be classified into four types, based on their formulations [41] . The first type calculates the scavenging coefficient as a function of the raindrop-particle collection efficiency and raindrop size distribution [42] [43] [44] . In the second type, the wet scavenging coefficient is calculated as a function of a single value, for example relative humidity [45] or precipitation [23, 46] . In the third type, the scavenging coefficient is estimated as an empirical relationship based on aerosol size spectrum and precipitation parameters [28] . As far as the fourth type is concerned, the scavenging coefficient is defined as the ratio of the dust concentration in the precipitation divided by the dust concentration in the air [47] . In their study, Jung and Shao [41] , through an intercomparison of below cloud dust wet deposition schemes that rely on these four types, show that, apart from the third scheme which is based on field measurements, the other schemes showed similar wet deposition patterns, although the scavenging efficiencies were quite different. The scavenging efficiencies of the first scheme were negligible for submicron particles, which is acceptable, as submicron particle removal is an in-cloud scavenging matter, as mentioned above. The simulated dust concentrations with the third and the fourth schemes are underestimated in comparison to the observations. On the other hand, the dust concentrations concerning the first and the second types are in good agreement with the measured data [41] .
In this study, a dust wet deposition scheme is implemented in the Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) module of the fully coupled Weather Research and Forecasting coupled to Chemistry model (WRF/Chem) [48, 49] . The original GOCART scheme [50] does not support any dust wet deposition scheme. Thus, a dust wet deposition scheme following Seinfeld and Pandis [44] is fully embedded in the revised GOCART-AFWA (Air Force Weather Agency) module. This scheme belongs to the first type of the abovementioned dust wet deposition schemes in a form adopted by the Comprehensive Air Quality Model with Extensions (CAMx) [22, 51, 52] for aerosols inside and below clouds. Although the scheme is computationally expensive [53] , it does not contribute to systematic underestimation of the simulated dust concentration, as it has negligible scavenging effects on submicron particles for the area below the clouds. It also incorporates an in-cloud scavenging process for submicron particle removal. Moreover, it is a scheme that takes into account parameters that characterize the behavior of particles suspended in a fluid flow, such as the Reynolds, Schmidt, and Stokes numbers, as it represents wet removal using microphysical processes including detailed interactions between hydrometeors and aerosols.
The new scheme has been evaluated in a case study of a severe wet deposition event which affected Central and Eastern Mediterranean. This episode was characterized by large-scale dust transport from the Saharan desert area towards the Eastern Mediterranean, followed by torrential rain over Greece during the early days of June 2014. Due to the fact that ground measurements of the dust wet deposition are scarce, an evaluation using observed data of Aerosol Optical Depth and PM 10 concentrations has been performed. Furthermore, the impact of the new GOCART wet deposition scheme on the dust vertical profile is also assessed through two sensitivity simulations which are evaluated against ground-based measurements provided by the AERONET network.
Materials and Methods

Model Configuration and Parameterization Schemes
The simulations in this study have been performed using the WRF/Chem (version 3.8) model, which is a fully coupled meteorology-chemistry model that contains a variety of schemes for the simulation of atmospheric chemistry [48] . The meteorological component is fully consistent with the chemical component. Hence, both meteorological and air-quality components use the same physics schemes for the sub-grid scale transport, the same grid on the horizontal and vertical coordinates, and the same transport scheme, which preserves air and scalar mass. WRF/Chem is set up in a domain that covers the area of North Africa, the Mediterranean, the Europe, the Middle East, and the Arabian Peninsula. This domain encompasses the entire subtropical belt of deserts, which act as mineral dust sources emitting particulate matter towards the Mediterranean (see Figure 1 ). It consists of 400 × 212 grid points, on a horizontal resolution of 25 × 25 km, and with 38 vertical levels from the Earth's surface to 50 hPa. The ECMWF (European Centre for Medium-Range Weather Forecasts) analyses are used as initial and boundary conditions at a resolution of 0.5 • × 0.5 • and with a 6h time increment.
The basic parameterization schemes for the simulations in this study are summarized in Table 1 (see [54] [55] [56] [57] [58] ). The Rapid Radiative Transfer Model (RRTMG) for both short-wave and long-wave radiation calculations is used [58] . RRTMG has the ability to use prognostic dust fields to calculate the aerosol direct radiative effect; however, this is not used in the present study, and dust is considered as a passive tracer. The Morrison 2-moment microphysics scheme (6-class microphysics scheme with graupel) is used as described in Refs. [55, 56] . As a new and advanced 2-moment microphysics scheme, Morrison in its WRF release predicts the mass mixing ratio for five hydrometeor categories: cloud, rain, snow, ice, and graupel. It also predicts the total number concentrations for cloud water, rain, snow, ice, and graupel [59] . the aerosol direct radiative effect, however this is not used in the present study and dust is considered as a passive tracer. The Morrison 2-moment microphysics scheme (6-class microphysics scheme with graupel) is used as it is described in [55, 56] . As a new and advanced 2-moment microphysics scheme, Morrison in its WRF release predicts the mass mixing ratio for five hydrometeor categories: cloud, rain, snow, ice and graupel. It also predicts the total number concentrations for cloud water, rain, snow, ice and graupel [59] . 
The Air Quality (Chemistry) Component
The WRF/Chem model includes three alternative packages for mineral dust emission: two (namely, "DUST-GOCART", "DUST-GOCART/AFWA") from the GOCART module, and the third (namely, "DUST-UOC") from the University of Cologne [60] . In "DUST-GOCART", the dust emissions are scaled with the soil erodibility fields, as described by Ref. [61] , with the dust emissions activating when the 10-m wind speed exceeds a threshold value proposed by Ref. [62] . In the "DUST-GOCART/AFWA scheme, dust emissions are also scaled with the erodibility fields based on Ref. [61] , with the erodibility function being dependent to the particle bin mass fraction. This scheme also parameterizes the initialization of dust production by saltation bombardment. For dry soils, there is the same threshold as that used in "DUST-GOCART", but AFWA uses a different soil moisture correction. On the other hand, the "DUST-UOC" uses the erodible fields of Ref. [61] for the definition of the areas concerning the areas of potential dust emission, but in contrast to the other two previous schemes, the calculated dust emissions are not scaled with the erodibility function [63] . However, "DUST-GOCART/AFWA" produces an important over-prediction of dust concentration [64] . This may be explained in part by the fact that the AFWA scheme only considers vertical dust flux which is related to clay content [60] , and it does not support a dust wet deposition scheme, in contrast to the "DUST-UOC", which considers a more realistic soil texture type. Furthermore, the "DUST-UOC" supports a dust wet deposition scheme based on the study of Jung [65] , only for below cloud scavenging of aerosols. Thus, it is expected that the implementation of a dust wet deposition scheme in the "DUST-GOCART/AFWA" module that contains both in-cloud and below cloud scavenging processes will contribute to the reduction of the systematic overestimation of dust concentration.
The GOCART-AFWA Module
The GOCART-AFWA module contains a sectional, non-experimental dust scheme with advanced dust emissions parameterizations [54, 66] . In the GOCART-AFWA module, the dust emissions scheme is based on the parameterizations of Ref. [62] , incorporating five dust bins of 0.73, 1.4, 2.4, 4.5, and 8.0 µm effective radii. In this scheme, the saltation of large particles is triggered by wind shear, leading to fine particle emissions by disaggregation and bombardment. The dust emissions due to saltation bombardment are parameterized, with the vertical dust emission flux being proportional to the horizontal saltation dust flux, calculated when the friction velocity exceeds a certain threshold. Saltation processes for a given size bin initiate or cease as the friction velocity exceeds or falls below the values of the threshold friction velocity [67] . The proportionality of dust emission and dust flux is empirically related to clay, sand, and erodibility fields that are shown in Figure 1 . As stated above, the empirical relationship of the vertical dust flux to the clay content is a reason for the systematic overprediction of the simulated dust concentration [60] . However, as far as soil moisture is concerned, the correction of Ref. [68] is applied. The calculation of the horizontal saltation flux is based on a modification of the expression of Ref. [69] . The distribution of the dust particles follows the brittle fragmentation theory [70] . The dust particles are emitted into the lowest atmospheric model level according to their respective size bins. GOCART-AFWA is able to resolve direct effects concerning aerosol interactions with radiation. However, in this study, no interactions with radiation are taken into account. Moreover, no wet scavenging mechanism is currently supported.
The Embedded Dust Wet Deposition Scheme
The dust wet removal from the atmosphere can be expressed in two stages: one inside the cloud (in-cloud wet scavenging), and the other below the cloud base (below cloud scavenging). The Seinfeld and Pandis [44] dust wet deposition scheme (hereafter denoted as SP) is embedded in the GOCART-AFWA module in order to estimate the rate of dust scavenging by precipitation for both in and below cloud areas, concerning grid-scale and convective precipitation [55] [56] [57] . The wet removal is considered only by rain, and no evaporation mechanism is taken into account. Scavenging is direct and irreversible, and the mass which is collected by rain is effectively removed from the atmosphere. Particles that are captured by the droplets are deposited to the ground. The advantage of this scheme is that it takes into account parameters that characterize the behavior of particles suspended in a fluid flow, such as the Reynolds, Schmidt, and Stokes numbers. Thus, the rate of dust concentration (C) removed by the precipitation is represented by
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where, Λ is the scavenging coefficient. For aerosols inside the clouds, the scavenging coefficient is given by:
where E is the collection efficiency (E = 0.9), P is the total precipitation (mm h −1 ), which is the sum of the grid-scale and convective precipitation in each model layer, and d c is the cloud mean droplet diameter, with values from 2 µm to 50 µm [55] . In order to identify the cloud existence in a grid cell and in a specific model layer, the Cloud Water mixing ratio is utilized. Values greater than zero indicate the presence of clouds, and aerosols are assumed to act as in cloud water. As far as the wet removal below the cloud base is concerned, the same scavenging coefficient is used as before, but d d instead of d c is used in Equation (2). Furthermore, the collection efficiency is now dependent on the particle size d p (effective diameters of 1.46 µm, 2.8 µm, 4.8 µm, 9.0 µm, 16 µm), as shown below [37, 44] :
where, R e is the Reynolds number of the raindrop, S c is the Schmidt number for the collected particle, S t is the Stokes number for the collected particle, µ and µ w are the kinematic viscosity of the air and water respectively, and ϕ = d p /d d is the ratio from particle size to raindrop size respectively, with dp being the particle diameter and d d the raindrop mean diameter with values of 20 µm to 500 µm [55] , for below cloud scavenging instances. Parameter S * is given by Equation (4), and the R e , S t and S c are given by Equations (5)- (7), respectively:
In these relationships, the various variables are defined as follows:
where ρ α is the air density (kg m on d p and are given by Refs. [44, 73] . The first term in Equation (3) is the contribution to the Brownian diffusion, the second term concerns the collection by interception, and the third term concerns the inertial impaction and it is efficient for large particles (d p > 2 µm) [74] with a restriction when S t > S * [75] .
Results
For its consistency and performance, the WRF/Chem model using the GOCART-AFWA module with the SP scheme has been tested in a case study. To accomplish this, two numerical experiments have been conducted for a case of a large-scale desert dust transportation event which involved severe wet deposition that affected central and eastern Mediterranean from 3 to 5 June, 2014. The two numerical experiments have been designed as follows:
•
The control simulation (CTRL): It adopts the default GOCART-AFWA configuration described in Sections 2.1 and 2.2.
The wet deposition simulation (Wet_Dep): As in CTRL but enabling the dust wet deposition scheme described in Section 2.3.
Both simulations initialized on 2 June in "dust hot started" mode. To this end, a 72hr "dust cold started" simulation initialized on the 30 May, 2014 in order to build the adequate desert dust background for driving CTRL and Wet_Dep. Since the date of interest is the 3rd of June, the spin-up time was 12 h for both simulations.
The inter-comparison between the two simulations demonstrates the impact of the SP scheme on the dust load and the dust concentration vertical profile caused by the vertical dust concentration losses triggered by the rainout and washout processes. Predicted dust is considered as a passive tracer for both simulations as far as interactions with radiation and clouds are concerned. Due to the lack of dust wet deposition measured data, the two simulations are evaluated against observed PM 10 concentrations and AOD data provided by the Finokalia station of Crete and the AERONET network respectively.
Description of Synoptic Conditions
On 1 June 2014, an upper-air trough, transferring cold air masses towards central Europe and the Mediterranean, was associated with the development of a barometric low over Northern Algeria (Figure 2a,b) . As the trough propagated eastward on 2 June, the surface low triggered updraft motions due to the formation of a well-organized warm front over Tunis and Libya (not shown). The prevailing upper air southwesterly synoptic flow favored the advection of the suspended particles towards Italy and Greece. On 3 June, the torrential rains that occurred over Italy and Greece originated mainly from the warm front passage over Sicily and Greece, transferring warm and moist air masses over the Mediterranean Sea (Figure 2c,d) . On 2 June, the enhanced instability led to cloud formation and triggered dust uptake mechanisms over Northern Africa (Figure 3a) . On 3 June, the barometric low is located over the Gulf of Sirte, while the northward advected dust is washed out over western and central Greece (Figure 3b ). On 4 June, the upper air conditions supported the eastward propagation of the barometric low over western Turkey, followed by a steady rise in surface pressure and moderate precipitation.
air masses over the Mediterranean Sea (Figures 2c and 2d) . On 2 June, the enhanced instability led to cloud formation and triggered dust uptake mechanisms over Northern Africa (Figure 3a) . On 3 June, the barometric low is located over the Gulf of Sirte while the northward advected dust is washed out over western and central Greece (Figure 3b) . On 4 June, the upper air conditions supported the eastward propagation of the barometric low over western Turkey, followed by a steady rise of the surface pressure and moderate precipitation. 
Dust uptake
Dust uptake processes and vertical profiles have been investigated in an area between points A and B which denotes the major dust sources of this case study (see Figure 4 top left). In Figure 4a , the dust dispersion is shown as a combination of mechanisms that transfer the dust plume downstream from its source region (area between A and B points). The sharp downward slope of the isotheta contours in the area 10-20E confirms the presence of a warm front, which favours the dust uptake. The synergy of the synoptic and mesoscale motions suspends dust particles with effective radii in the range of 0.5 -4.5 μm (bins 1-4) up to the height of 6 km while coarser particles reach up to the height of 5 km (bin 5) (Figures 4c-g ). The enhanced buoyancy can also be confirmed by the positive values of the vertical wind velocity component which dominates the dust plume area and exceeds 0.14 m s -1 at 3 km as it is shown in the cross-section of Figure 4b . The suspended particles in the lower troposphere are then transported horizontally downwind following the strong prevailed westerly flow. 
Dust Uptake
Dust uptake processes and vertical profiles have been investigated in an area between points A and B, which denote the major dust sources of this case study (see Figure 4 top left). In Figure 4a , the dust dispersion is shown as a combination of mechanisms that transfer the dust plume downstream from its source region (area between A and B points). The sharp downward slope of the isotheta contours in the area 10 • -20 • E confirms the presence of a warm front, which favours dust uptake. The synergy of the synoptic and mesoscale motions suspends dust particles with effective radii in the range of 0.5-4.5 µm (bins 1-4) up to the height of 6 km, while coarser particles reach up to the height of 5 km (bin 5) (Figure 4c-g ). The enhanced buoyancy can also be confirmed by the positive values of The spatial distribution of the dust load (mg m -2 ) and wind speed at 3 km (m s -1 ) over the model's area for 18:00 UTC 3 June 2014 are shown in Figure 5 ; from this figure, it can be seen that the simulated dust load over the Greek Peninsula reached 6000 mg m -2 at 18:00 UTC on 3 June 2014. 
Modeled and remotely sensed precipitation distribution
In order to assess the model's precipitation performance, a qualitative comparison is made between the model's simulation results and remotely sensed precipitation rate from the EUMETSAT historical imagery archive (with 15 minutes frequency). Figures 6a and 6b show the precipitation rate on 3 June 2014 at 12:00 and 15:00 UTC, respectively, over the Greek Peninsula, with values that reach approximately 4-5 mm/hr. Figure 6c shows the simulated 6h precipitation on 3 June 2014 for 12:00-18:00 UTC. The 6h accumulated precipitation over Greece exceeded 36 mm in the northern areas of the country. The comparison shows a satisfactory spatial agreement of the rainfall that occurred over the Greek Peninsula and the southeast Aegean Sea. Central and Eastern Mediterranean are dominated by a large-scale desert dust transport due to the prevailing synoptic conditions during 3-5 June 2014. 
Modeled and Remotely Sensed Precipitation Distribution
In order to assess the model's precipitation performance, a qualitative comparison is made between the model's simulation results and remotely sensed precipitation rate from the EUMETSAT historical imagery archive (with 15 minutes frequency). Figure 6a ,b show the precipitation rate on 3 June 2014 at 12:00 and 15:00 UTC, respectively, over the Greek Peninsula, with values reaching approximately 4-5 mm/hr. Figure 6c shows the simulated 6h precipitation on 3 June 2014 for 12:00-18:00 UTC. The 6h accumulated precipitation over Greece exceeded 36 mm in the northern areas of the country. The comparison shows satisfactory spatial agreement of the rainfall that occurred over the Greek Peninsula and the southeast Aegean Sea. Central and Eastern Mediterranean are dominated by a large-scale desert dust transport due to the prevailing synoptic conditions during the period from 3-5 June 2014.
In Figure 6c shows the simulated 6h precipitation on 3 June 2014 for 12:00-18:00 UTC. The 6h accumulated precipitation over Greece exceeded 36 mm in the northern areas of the country. The comparison shows a satisfactory spatial agreement of the rainfall that occurred over the Greek Peninsula and the southeast Aegean Sea. Central and Eastern Mediterranean are dominated by a large-scale desert dust transport due to the prevailing synoptic conditions during 3-5 June 2014. 
Dust transport and wet deposition
The simulated dust wet deposition over central Greece was 400 mg m -2 in the period 06:00-12:00 UTC 3 June (see Figure 7a) . The values of dust wet deposition have been further increased in the period 12:00-18:00 UTC 3 June and 18:00 UTC 3 June-00:00 UTC June 2014, exceeding 800 mg m -2 and 1200 mg m -2 , respectively (see Figures 7b and c) . During those periods dust is mainly deposited over the areas with precipitation maxima. In the period 00:00-06:00 UTC 4 June, the simulated dust wet deposition is restricted over the northern Aegean Sea reaching values of 400 mg m -2 due to the eastward propagation of the barometric low which is followed by moderate precipitation over Aegean Sea (Figure 7d ). In the periods 18:00 UTC 4 June-00:00 UTC 5 June 2014 and 00:00-06:00 UTC (Figures 7e and 7f , respectively) the precipitation is confined over the island of Crete with the 6hr accumulated dust deposition reaching 100 mg m -2 . 
Dust Transport and Wet Deposition
The simulated dust wet deposition over central Greece was 400 mg m −2 in the period 06:00-12:00 UTC on 3 June (see Figure 7a) . The values of dust wet deposition further increased in the period 12:00-18:00 UTC 3 June and 18:00 UTC 3 June-00:00 UTC June 2014, exceeding 800 mg m −2 and 1200 mg m −2 , respectively (see Figure 7b,c) . During those periods, dust is mainly deposited over the areas with precipitation maxima. In the period from 00:00-06:00 UTC 4 June, the simulated dust wet deposition is restricted over the northern Aegean Sea, reaching values of 400 mg m −2 due to the eastward propagation of the barometric low, which is followed by moderate precipitation over Aegean Sea (Figure 7d ). In the periods 18:00 UTC 4 June-00:00 UTC 5 June 2014 and 00:00-06:00 UTC (Figure 7e ,f, respectively), the precipitation is confined over the island of Crete, with the 6hr accumulated dust deposition reaching 100 mg m −2 .
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Dust load timeseries
The consistency of the SP scheme is evaluated through the dust load timeseries of CT WET_DEP simulations, which are modeled over the cities Thessaloniki (22.960E-40.630 Athens (23.735E-37.975N) and shown in Figures 10a and 10d , respectively. In particu estimated dust load at Thessaloniki is identical for both simulations up to 09:00 UTC 3 June. time, the initiation of the precipitation coincides with the beginning of the dust particles wet r (Figures 10a and 10c) . The removal rate remained almost constant with 250 mg m -2 per 3 h average until 18:00 UTC 3 June. At 00:00 UTC 4 June, as the precipitation strengthens up to with approximately 25 mm, the dust loss also increases with a maximum value of 1000 m showing also the contribution of the wet deposition to this specific dust mass loss. Dust r mechanism shows an almost direct response to the enhanced precipitation during this period In contrast to Thessaloniki, Athens is characterized by negligible 6hr dust wet deposition of 5-10 mg m -2 for 12:00-18:00 UTC 3 June, 50-100 mg m -2 for 18:00 UTC 3 June-00:00 UTC and 10-50 mg m -2 for 00:00-06:00 UTC 4 June, which is mainly attributed to the m precipitation, as it has been shown in Figure 6 . However, a dust load loss of approximately m -2 is observed at 18:00 UTC 3 June 2014 and it coincides with the initialization of precip (Figure 10f ). 
Dust Load Timeseries
The consistency of the SP scheme is evaluated through the dust load timeseries of CTRL and WET_DEP simulations, which are modeled over the cities Thessaloniki Figure 10a ,d, respectively. In particular, the estimated dust load at Thessaloniki is identical for both simulations up to 09:00 UTC 3 June. At this time, the initiation of the precipitation coincides with the beginning of the dust particles wet removal (Figure 10a,c) . The removal rate remained almost constant with 250 mg m −2 per 3 h in average until 18:00 UTC 3 June. At 00:00 UTC 4 June, as the precipitation strengthens up to its peak with approximately 25 mm, the dust loss also increases with a maximum value of 1000 mg m −2 , showing also the contribution of the wet deposition to this specific dust mass loss. The dust removal mechanism shows an almost direct response to the enhanced precipitation during this period.
In contrast to Thessaloniki, Athens is characterized by negligible 6hr dust wet deposition values of 5-10 mg m −2 for 12:00-18:00 UTC 3 June, 50-100 mg m −2 for 18:00 UTC 3 June-00:00 UTC 4 June, and 10-50 mg m −2 for 00:00-06:00 UTC 4 June, which is mainly attributed to the moderate precipitation, as shown in Figure 6 . However, a dust load loss of approximately 200 mg m −2 is observed at 18:00 UTC 3 June 2014, coinciding with the initialization of precipitation (Figure 10f) . 
Dust load timeseries
The consistency of the SP scheme is evaluated through the dust load timeseries of CTRL and WET_DEP simulations, which are modeled over the cities Thessaloniki (22.960E-40.630N) and Athens (23.735E-37.975N) and shown in Figures 10a and 10d , respectively. In particular, the estimated dust load at Thessaloniki is identical for both simulations up to 09:00 UTC 3 June. At this time, the initiation of the precipitation coincides with the beginning of the dust particles wet removal (Figures 10a and 10c) . The removal rate remained almost constant with 250 mg m -2 per 3 hours in average until 18:00 UTC 3 June. At 00:00 UTC 4 June, as the precipitation strengthens up to its peak with approximately 25 mm, the dust loss also increases with a maximum value of 1000 mg m -2 , showing also the contribution of the wet deposition to this specific dust mass loss. Dust removal mechanism shows an almost direct response to the enhanced precipitation during this period.
In contrast to Thessaloniki, Athens is characterized by negligible 6hr dust wet deposition values of 5-10 mg m -2 for 12:00-18:00 UTC 3 June, 50-100 mg m -2 for 18:00 UTC 3 June-00:00 UTC 4 June, and 10-50 mg m -2 for 00:00-06:00 UTC 4 June, which is mainly attributed to the moderate precipitation, as it has been shown in Figure 6 . However, a dust load loss of approximately 200 mg m -2 is observed at 18:00 UTC 3 June 2014 and it coincides with the initialization of precipitation (Figure 10f ). Additionally, the difference in dust loads remains almost constant after the event, and it is true for both time series, confirming that dust wet removal processes modify the spatiotemporal distribution of the total dust mass.
Validation with in situ measurements
In order to evaluate the consistency of the SP scheme and its impact on the performance of WRF-Chem, a comparison is made between hourly values of PM10 concentrations measured at Finokalia surface station and the dust concentration values (μg m -3 ) simulated by the CTRL and Wet_Dep simulations. The Finokalia environmental research station is located at Southern Crete and additional information can be found in [3] . As far as PM10 concentration is concerned, both simulations reproduce a pattern similar to the measurements for the entire period under consideration (Figure 11a ). Obviously, Wet_Dep estimates lower concentrations than the CTRL ones, which are more prominent around the peaks at 03:00-06:00 UTC 4 June. However, Wet_Dep reproduces better the general dust concentration pattern throughout the period of evaluation as it is reflected by the statistical scores (Table 2) . Indeed, Wet_Dep underestimates the dust concentration by -1.50 μg m -3 having an overall lower RMSE of 28.50 μg m -3 . In contrast, the bias score of the CTRL dust concentration reveals a systematical overestimation of PM10 measurements despite the fact that the latter one also includes non-dust origin species such as sea salt, anthropogenic particles etc.
A comparison is also made between the estimated values of aerosol optical depth (AOD) from AERONET's database (500 nm, Level 1.5) for Thessaloniki station (Figure 11b ) and the simulated ones. As the dust loss begins after 09:00 UTC 3 June 2014 a significant reduction in AOD is also shown in Figure 11b with an approximately difference of 0.1-0.2 between the two time series. Despite the lack of AOD measurements for 4 June 2014, it seems that Wet_Dep is in better accordance with the observed one for 5 June 2014 compared to the CTRL simulation, which clearly Additionally, the difference in dust loads remains almost constant after the event; this is true for both time series, confirming that dust wet removal processes modify the spatiotemporal distribution of the total dust mass.
Validation With in situ Measurements
In order to evaluate the consistency of the SP scheme and its impact on the performance of WRF-Chem, a comparison is made between hourly values of PM 10 concentrations measured at Finokalia surface station and the dust concentration values (µg m −3 ) simulated by the CTRL and Wet_Dep simulations. The Finokalia environmental research station is located in Southern Crete; additional information can be found in Ref. [3] . As far as PM 10 concentration is concerned, both simulations reproduce a pattern similar to the measurements for the entire period under consideration (Figure 11a) . Obviously, Wet_Dep estimates lower concentrations than the CTRL ones, which are more prominent around the peaks at 03:00-06:00 UTC 4 June. However, Wet_Dep reproduces better the general dust concentration pattern throughout the period of evaluation, which is reflected in the statistical scores (Table 2) . Indeed, Wet Dep underestimates the dust concentration by −1.50 µg m −3 , having an overall lower RMSE of 28.50 µg m −3 . In contrast, the bias score of the CTRL dust concentration reveals a systematical overestimation of PM 10 measurements, despite the fact that the latter one also includes non-dust origin species such as sea salt, anthropogenic particles, etc.
A comparison is also made between the estimated values of aerosol optical depth (AOD) from AERONET's database (500 nm, Level 1.5) for Thessaloniki station (Figure 11b ) and the simulated ones. As the dust loss begins after 09:00 UTC 3 June 2014, a significant reduction in AOD is also shown in Figure 11b , with an approximately difference of 0.1-0.2 between the two time series. Despite the lack of AOD measurements for 4 June 2014, it seems that Wet Dep is in better accordance with the observed one for 5 June 2014 compared to the CTRL simulation, which clearly overestimates AOD by a value of 0.1-0.2 ( Figure 11b ). The statistical scores in Table 2 overestimates AOD in a value of 0.1 -0.2 ( Figure 11b ). The statistical scores in Table 2 
Discussion and conclusions
In this study, the Seinfeld and Pandis [44] dust wet deposition scheme is embedded in the fully coupled atmospheric-chemistry model WRF/Chem with the GOCART/AFWA module, which uses an advanced dust emissions parameterization scheme in comparison to the original GOCART. As the GOCART/AFWA scheme does not support a dust wet deposition scheme, the implementation of the Seinfeld and Pandis (SP) scheme is assumed as an important upgrade with an advanced wet scavenging scheme.
The performance of the GOCART/AFWA including the SP scheme has been assessed in a long-range dust transport case study which occurred on 3-5 June 2014. To this end, two sensitivity simulations with the default GOCART/AFWA configuration (CTRL) and the GOCART/AFWA including the SP scheme (Wet_Dep) have been performed. The sensitivity simulations revealed that the dust wet deposition mainly occurs at heights greater than 3.5 km, with the in-cloud area playing an important role in the scavenging of significant amounts of the finer suspended particles. Furthermore, the dust loss due to the wet scavenging mechanisms reduces its total load in the atmosphere up to 6 km and ultimately affects the entire spatiotemporal distribution of the suspended dust. 
Discussion and Conclusions
In this study, the Seinfeld and Pandis [44] dust wet deposition scheme is embedded in the fully coupled atmospheric-chemistry model WRF/Chem with the GOCART/AFWA module, which uses an advanced dust emissions parameterization scheme in comparison to the original GOCART. As the GOCART/AFWA scheme does not support a dust wet deposition scheme, the implementation of the Seinfeld and Pandis (SP) scheme is assumed to be an important upgrade, with an advanced wet scavenging scheme.
The performance of the GOCART/AFWA including the SP scheme has been assessed in a long-range dust transport case study which occurred on 3-5 June 2014. To this end, two sensitivity simulations with the default GOCART/AFWA configuration (CTRL) and the GOCART/AFWA including the SP scheme (Wet_Dep) have been performed. The sensitivity simulations revealed that the dust wet deposition mainly occurs at heights greater than 3.5 km, with the in-cloud area playing an important role in the scavenging of significant amounts of the finer suspended particles. Furthermore, the dust loss due to the wet scavenging mechanisms reduces its total load in the atmosphere up to 6 km, and ultimately affects the entire spatiotemporal distribution of the suspended dust.
The incorporation of the advanced SP scheme also improves the model's performance by limiting the overestimated values of the simulated dust concentration and dust load. Indeed, statistical evaluation reveals that the Wet_Dep simulation turns the CTRL systematic overestimation of dust to underestimation, while at the same time, reduces the forecast error. Wet_Dep, in comparison to observed PM 10 values, underestimates surface concentration on a scale that could be generally acceptable, as the measured concentration of PM 10 does not include mineral dust particles exclusively, but it also detects additional species such as sea salt, anthropogenic particles, etc. Similar conclusions can also be drawn through the comparison of the observed AOD values with those estimated by both simulations. Thus, Wet_Dep improves the AOD bias score by slightly underestimating it; additionally, it reduces RMSE. Such improvements substantially correct the spatiotemporal distribution of the suspended dust throughout the simulation period and are contributing factors to the reduction of its well-known dust concentration overestimation problem [60, 64, [76] [77] [78] .
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